This review paper gives an overview of state-of-the-art technology regarding supercapacitors, briefly discusses the aspect of supercapacitor balancing and compares and assesses two system designs incorporating supercapacitors, batteries and in one case with an interconnected converter. Supercapacitors offer a high power density and long life cycle and could improve a battery-only setup subjected to peak loads. An electric kart test setup will be used to evaluate a simple direct parallel connection between the batteries and the supercapacitor bank. Measurements on a more advanced setup, incorporating an interconnected converter between the batteries and supercapacitors, will illustrate the effect of such an implementation compared to a plain parallel connected setup.
INTRODUCTION
A typical traction system (shown in Figure 1 ) consists of two main components, an energy reservoir (e.g. a battery or generator) and an energy converter (e.g. an electric motor). In many cases traction systems are subjected to dynamic loads as the energy converter should be able to deliver the required energy at any time. If only one energy reservoir is available, optimal use becomes difficult. In order to respond to energy peak demands these energy reservoirs are often overdimensioned, resulting in suboptimal energy yield in regime conditions. Energy reservoirs are defined by two key parameters, the energy density and the power density. Ideally an energy reservoir should offer both a high energy and a high power density. A typical energy reservoir, such as a battery, has a high energy density, but a limited power density, whereas new components, such as supercapacitors, offer low energy, but high power density [1] . Supercapacitors are electrochemical energy storage components that offer new possibilities in various applications. The question at hand is if the combination of a supercapacitor and relatively low power energy reservoir can result in a better energy storage system.
In systems using a battery or a fuel cell as energy storage unit, the use of a supercapacitor peak power unit (PPU) could result in significant improvements [2, 3] . As traction batteries were designed for low power density applications, high load conditions result in large internal losses and a short longevity. Because a supercapacitor unit can be used to relieve the battery system from peak loads, the battery unit can be dimensioned and optimized for regime load conditions, resulting in better energy management and longer battery cycle-life.
The supercapacitor unit has an added bonus; not only can the supercapacitors supply high-power peak demands, they can also be charged very quickly. This energy can come from the available energy reservoir or from the traction system working as a generator. This energy saving regenerative feature can be implemented in many ways, such as recovery of braking energy in vehicles, elevators, etc.
SUPERCAPACITOR CHARACTERISTICS
The mentioned key characteristics of supercapacitors are illustrated in Figure 2 and Table 1 , next to common battery types. Differences can be found in specific energy and power, efficiency, cycle life and cost. Consequently it would be convenient to create a combination with both a potential high power and energy density, as well as a longer cycle life. [5] Key point when using supercapacitors in an energy system is the usable energy. The total energy stored in a capacitor, E tot , is a product of the capacitance, C, and the square of the voltage, V:
(1) In a practical energy-storage system that combines batteries and supercapacitors, the supercapacitor's total stored energy will almost never be fully used due to the fact that the converter necessary to accommodate such a wide potential difference range would be too complex for most applications.
Moreover, when discharging a supercapacitor to 50% of his nominal voltage, already 75% of the energy stored in the supercapacitor will have been released [eq. 1]. With the addition of the necessary voltage boundaries the usable energy is given by:
(2) Still, with the introduction of new higher power density battery technologies, the question of the supercapacitors' added benefit is an interesting one. The power density of these newer battery technologies is not on a par with that of a supercapacitor [ Table  1 ], but some of the supercapacitors' appropriated applications could possibly benefit from the new battery technologies. Reconsidering these applications could thus proof to be beneficial.
THE SUPERCAPACITORS' LIFETIME
A supercapacitors' lifetime can be as high as 10 years under normal operation, but due to an acceleration of continuous parasitic electrochemical reactions at increased temperatures and voltages, the capacitance decreases, while the internal resistance and selfdischarge rate rise, lowering the lifetime of the
Normally, manufacturer datasheets supply a chart displaying the influence of cell voltage and temperature on the degradation of the supercapacitors. An example [6, 7] results in a general applicable rough estimation for the lifetime that states that the lifetime is halved for each 100mV above nominal voltage and for each 10°C above the nominal temperature of 25°C.
These rough estimates can be expressed as an exponential function, with T L,N the life expectancy under nominal circumstances (nominal voltage V N and nominal temperature θ N ) and c V and c θ constants depending on the device (technology and manufacturing process), with V C the voltage over the capacitor ( figure  3 ) and θ the temperature [8] :
As deduced by Kötz et al. [9] (when considering the leakage current proportional to the rate of the aging processes), the aging of the capacitor is accelerated by a factor c V of 1.5-2 for an increase of the maximal cell voltage by 100mV and an increase of the temperature of 10°C results in an accelerated aging factor c θ between 1.7 and 2.5. These values hold for a capacitor with a nominal voltage of 2.5V. However, they are still applicable for the last generation supercapacitors with a higher nominal voltage [8] . Figure 3 shows a simplified equivalent circuit of a supercapacitor, this simple model will enable to address some of the reasons for the voltage imbalances. The value of the components is function of temperature, age and subject to manufacturing tolerances.
SUPERCAPACITOR CELL VOLTAGE BALANCING
Aging increases the series resistance R s and leakage This process is not identical for each cell, so when various cells are connected in series, differences in cell voltage (caused by the differences in the equivalent series resistance) and state of charge (caused by the differences in self discharge rate due to the differences in the equivalent parallel resistance) surface. This effect emphasizes the need for a cell balancing system [8, 10] .
Voltage balancing principles can be classified as passive or active. With passive voltage balancing the voltage difference of every cell is instantaneously balanced, which causes high power losses. Active voltage balancing normally is implemented by using a controller with an individual charging system. There are two passive voltage balancing concepts which are most often used, namely fixed and differential voltage balancing. Fixed voltage balancing switches a resistor parallel to the supercapacitor cell on when a upper threshold voltage is reached and opens the circuit when a lower voltage threshold is reached. Differential voltage balancing also works with a parallel resistor, but will compare a cell's voltage to that of its neighbors, discharging the cell over the parallel resistor when the difference becomes too big.
Bohlen et al. found a 180% increase in life expectancy for the weakest cell while maintaining a good efficiency when using a fixed voltage balancing simulation model. Differential voltage balancing does not protect the weakest cell from harmful voltage stress (it only balances the time average of the cell voltages). The simulation model thus showed a lower increase in life expectancy for the weakest cell (60%) together with a higher decrease of efficiency. However, because the operational voltage scope of a differential balancing system is much broader then that of a fixed voltage balancing system, it is able to balance cells at lower voltages and thus allows the system to operate before a critical cell condition is reached while also reducing the losses. With this in mind the differential voltage balancing system can even be more efficient.
Other, more elaborate, passive balancing systems can incorporate threshold voltage temperature compensation, eliminate the balancing systems activation during short voltage spikes at the end of charging in some applications and predictive balancing [8] .
SYSTEM DESIGN AND INTEGRATION
When dimensioning and integrating a supercapacitor pack in a PPU, the final characteristics will depend on the desired functionality and specifications. These will be formulated in terms of efficiency, power and energy specifications, the optimal energy management strategy, cost, lifetime and safety guaranties and will define a peak power system for the specific application. Designing a hybrid power system is thus often an iterative process adjusting the parameters, that eventually converges to a 'best' fit design.
There are several ways to integrate supercapacitors into an electric power system. Two of them will be compared in practical examples to illustrate the effect of one or both combinations (displayed in Figures  4 and 5 ). One topology, as displayed in Figure 4 , can incorporate a DC/DC converter. This will allow to vary the voltage over the supercapacitor pack independently of the battery DC-busvoltage. 
ELECTRIC KART BASED TEST SYSTEM
This first testing setup consists of a dismantled [11] electric kart with preservation of the electric power system, as displayed in Figures 5 and 6 . The karts were initially dimensioned with only batteries in mind. The energy to propel the kart is supplied by four VRLA batteries [12] (each 12.8V and C5=55Ah). A current controlled DC/DC converter [13] is positioned between the batteries and the electric motor to regulate vehicle power. The controller also enables regenerative braking, so energy can flow back to the energy reservoir for recuperation.
Figure 6: The electric kart test setup
This system is subjected to two kinds of tests. First the effect of several mild and full throttle accelerations is evaluated for the system with and without supercapacitors. Second, the systems (with and without supercapacitors) are evaluated during two driving cycles. In this stage of the research only the first step will be executed. These preliminary acceleration tests give a good indication of the supercapacitor's peak power absorption capabilities and its possible limitations.
The kart motor controller was configured to draw a maximum current of 240A from the energy supply.
The tests where conducted with little mechanical load applied to the motor (overcoming only the inertia of the motor and load-machine). The controller regulates the current to the motor by potentiometer. For mild acceleration the potentiometer was connected to a 2.5V potential difference and for full throttle acceleration this potential difference was 6V. Logically, the higher this value, the higher the load on the energy supply.
The motor accelerates up to 2915 rpm at which point the motor controller limits the rotation speed (stabilisation). Data acquisition was done for the energy system's potential difference and currents through the battery branch and supercapacitor branch.
The first measurements are depicted in Figure 7 , these measurements are taken with a mild acceleration (top) and with full throttle acceleration (bottom) when using only batteries. Figure 8 illustrates the measurements taken with a mild acceleration (top) and with full throttle acceleration (bottom) in case of batteries and supercapacitors connected in parallel. These results will give an indication of the supercapacitor's added value and effectiveness when directly connected in parallel with the batteries.
Each figure can be divided in three subsections. In the first subsection, the motor is accelerated from 0 rpm to 2915 rpm and the current is gradually increasing. As can be seen in Figure 8 , due to the voltage drop, the supercapacitor clearly aids during the acceleration process. In the second subsection, the motor rotation speed is held constant by the controller and the current drops and stabilises to a constant current value needed to maintain the rotation speed. Figure 8 illustrates that a voltage increase caused by the relaxing batteries results in a negative current flow through the supercapacitors, which recharges the supercapacitors. And finally in the third subsection, the motor speed and current return to zero due to the zero set point for the throttle. The battery relaxes further causing a further battery voltage increase, and current flow from the batteries to the supercapacitors. The results from Table 2 show a definite positive effect on the voltage drop and drawn battery current, thus battery load. The supercapacitor current delivery assistance (current delivered by the supercapacitors against the total delivered current) in function of the acceleration progress is illustrated by Figure 9 . This figure provides clear evidence that the supercapacitor bank is delivering higher efficiency during high loads of the acceleration cycle (from zero to maximal speed).
Comparison
As can be seen in Figure 10 , only a relatively small percentage of the available energy in the supercapacitor pack is used. This is due to the small voltage drop. Using more of the energy stored in the supercapacitors is possible when increasing the voltage variance. This would imply the implementation of a DC-DC controlled supercapacitor system. Table 2 and Figure 9 , the parallel connected supercapacitor-battery combination can substantially relieve the VRLA battery pack in peak load situations.
As indicated by

HYBRID ELECTRIC VEHICLE TEST BENCH
The second test permits to load the energy system of a vehicle as if it was integrated in a real vehicle subjected to on-road tests. The functioning is based on a motorgenerator coupling in which the load, delivered by the generator, can be regulated independently of the speed of the series motor [14, 15, Figure 11 ]. The system also permits recuperation of kinetic energy (regenerative braking).
The setup consists of eight 12V traction-batteries [16] with a capacity C 20 of 50Ah each, connected in series. These batteries (about 4x12V in total) are the main energy supply. Besides the batteries there is also a supercapacitor pack. This pack consists of forty cells connected in series (1500F and 2.7V dc each) [17] , with its total capacity amounting to 37.5F and a total maximum voltage of 108V.
The system is subjected to a simple test. Data acquisition makes use of a National Instruments system [15] . The tests purpose is to illustrate the influence of using a DC/DC-converter between the supercapacitors and the DC-bus, as opposed to a system using a direct connection. Both layouts are illustrated in Figures 4 and 5.
For this purpose an increased torque, lasting forty seconds, is applied during operation at constant velocity. Both energy-systems have to support the corresponding current pulse during forty seconds. Comparing both energy system responses should reveal the influence of the converter. Measured quantities are the current (A) through the batteries and the supercapacitors (in and out), the voltage (V) over the batteries and the supercapacitors, the torque (Nm) and the velocity (km/h). Figure 12 illustrates the effect of directly coupling the supercapacitors to the batteries and shows how the supercapacitors assist in dealing with the edge of the rising pulse.
Parallel Supercapacitor Pack Connection
This behaviour is mainly determined by the voltagedrop over the batteries and supercapacitors. Because the limited voltage-drop stabilizes quickly, the energy contributed by the supercapacitors will also be limited, When the trailing edge follows the battery gets 'unloaded' and is able to 'relax', the bus-voltage goes up again (due to a lower voltage drop over the internal resistance of the batteries). As a result, the batteries will recharge the supercapacitors. The charge that was delivered by the supercapacitors after the leading edge of the pulse returns to the supercapacitors after the trailing edge [ Figure 12 , areas 1&2 and Figure 13 ].
With DC/DC-converter Interconnection
With indirect coupling of the supercapacitors and batteries by means of a DC/DC converter, which allows to vary the voltage over the supercapacitor pack independently of the battery DC-busvoltage, it is clearly noticeable that the supercapacitors not only catch sudden changes in current, but can also limit the current delivered by the batteries for a limited period of time (depending on the supercapacitor packs' capacitance) [ Figure 14 ]. Summarized, Figure 14 shows that the illustrated PPU is not only able to smoothen out the current through the batteries, but is also able to limit it.
The u sc drop in Figure 14 and the cumulative energy delivered by the PPU displayed in Figure 15 , indicate that the supercapacitors are not fully recharged after the pulse. The converter in combination with an intelligent control strategy enables to discharge and recharge the supercapacitor pack at the most appropriate moment (e.g. recharging during braking). This is in shrill contrast to the non-intelligent system without an interconnected converter.
The internal resistance of a supercapacitor is generally a lot smaller than that of a battery. This implies that supercapacitors are more efficient (certainly at high currents). Limiting the battery current and storing recuperated energy directly in supercapacitors could thus imply an improvement in efficiency. However, the efficiency of the DC/DC converter should not be forgotten when analyzing the efficiency of the overall system.
LOAD SIMULATION FOR THE ELECTRIC KART SETUP
The next phase of our research involves implementing a dynamic road-load hardware simulation for the kart motor. The kart motor's drive-cycle load will be simulated by an electric generator. The electric generator will act as the load that incorporates forces due to acceleration, air resistance, rolling resistance, slope resistance [5] : The acceleration force is given by:
(5) with m the mass of the object to be accelerated (kg).
Control of the Load Machine
To apply a speed profile corresponding to the use in a vehicle, the load machine will be voltage controlled. The load machine is a separately excited DC machine
force F a (eq. 5). The total resistive force F R acting on a vehicle can be expressed as the sum of the rolling resistance force F r , the aerodynamic force F v and the climbing force F c . The total resistive torque T R can be found by multiplying F R by the radius of the wheel R:
The acceleration torque (T a ) is calculated based on the vehicle weight, wheel radius (R) and the acceleration (a v ). The mass of the vehicle (M) is increased with a coefficient m f to take into account the inertia of the rotating parts of the drive train (consisting of the motor and the load machine, but no differential):
The torque that should be developed by the load machine (T load ) to simulate the vehicle driving on the road can now be calculated out of total torque (T tot ), but should be reduced with a term corresponding to the torque required to accelerate or decelerate the inertia of rotating masses of the test bench:
With J the inertia of the rotating masses of the test bench, seen from the side of the motor of the electric drive train. k is the transmission ratio of the coupling between the motor and the load machine and ω being the angular acceleration of the shaft of the motor of the electric drive train.
The torque to be applied by the load machine (not to be confused with the torque to be applied to the wheels) can be expressed in function of the measured rotational speed of the load machine ω load and can be simplified to:
(10) Out of the value of the torque of the load machine T load , the armature current I a can be calculated. Figure 17 illustrates a possible control strategy.
Driving Cycles
The system is able to simulate a drive cycle consisting of several accelerations and braking events (for example a heavy duty cycle), both with and without the use of supercapacitors. Two cycles will be used as a comparison basis. The first cycle is based on the US06 (Figure 16 ). The variable voltage source is connected to the armature of the load machine and can regulate the speed of the load machine (Eq. 6). The excitation of the load machine is constant, so Ф can be considered as a constant and the speed of the load machine is depending on the armature voltage value and armature current. An external reference signal is generated by the real time controller and applied to the DC power supply. The measurement of the rotational speed and of the torque of the shaft of the load machine (ω load and T load ) will be used to calculate the value of the required reference signal when the motor of the vehicle drive train is following a predefined speed profile. Different road conditions and trip or vehicle parameters can be easily adapted through the reprogrammable real time controller. This gives the test bench a large flexibility. Predefined load conditions can be repeated multiple times and allow using the test rig to evaluate different hybrid electric power systems and components. Different power flow strategies can be evaluated and different modes of operation can be considered in a repetitive way.
Simulation of the Vehicle and the Road Conditions
The electric motor of the vehicle's drive train can now be loaded in accordance to the speed profile of the vehicle and to the road conditions. The load torque of the electric motor will depend on the total resistive force F R acting on the vehicle and on the acceleration Supplemental Federal Test Procedure (SFTP) [18] , which represents aggressive, high speed and/or high acceleration driving behaviour, rapid speed fluctuations, and driving behaviour following start-up. The cycle was rescaled to fit the karts speed profile. It is not a typical kart driving cycle, but will supply information on the systems response during heavy duty.
The rescaled US06 cycle represents a 3.7 km route with an average speed of 22 km/h), maximum speed 37 km/h and duration of 596 seconds [ Figure 17 ].
Furthermore, the second test cycle, a rescaled version of the standardized ECE-15 speed cycle, is implemented on the system with and without the use of supercapacitors [ Figure 18 , 19].
Data and cycle times of both cycles will then be used to evaluate the effects of the supercapacitor enhanced electric kart system compared to a battery-only system.
Speed (km/h)
Time (s) Figure 18 : The heavy duty cycle imposed on the system
FUTURE WORK
Primary research for now was limited to evaluating the effect of directly connected supercapacitors on the electric go-kart's acceleration cycle. Finishing the electric kart load simulation setup (including regenerative braking simulation) and extensive testing of the different energy systems, as well as creating a simulation tool to evaluate PPU design in various applications is planned as future work.
The integration and evaluation of a batterysupercapacitor interconnected converter will conclude this future work.
CONCLUSION
Preliminary test results indicate a potential for a parallel connected battery and supercapacitor system. Further research will investigate the effect of different supercapacitor capacitance values, as well as the effect . These evaluations could help in optimizing the system and will be the subject of future papers.
Nevertheless, a definite intermediate conclusion can be drawn. The optimal combination of both a battery unit and a supercapacitor unit is not realized by just connecting them in parallel. The useful stored energy of the supercapacitor is defined by the potential difference. For optimal use of the available energy, a bidirectional DC-DC converter between the supercapacitor unit and the battery-system is advisable.
The resulting ability to limit the main energy supply's current, for example with batteries, and relieve it from peak demands, positively influences battery life and Ah specifications. Also, when applying a supercapacitor based PPU to a fuel cell powered traction drive, the response to dynamic loads could improve.
Hence, the use of supercapacitors can definitely proof beneficial in multiple applications. Due to the high power density, high efficiency and long lifetime it can be an attractive durable option when creating a hybrid system. The main setbacks currently curbing the use of supercapacitors are its cost and volume requirements (especially in non-stationary applications). An electric kart propulsion system topology based on supercapacitors and an interconnected converter will be the subject of further research to evaluate not only the effect on lifetime, but also on the energy efficiency.
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